The aim of the present experiment was to determine the degradation level of humic acids (HA) extraced from arable soil by three selected strains. A short-term experiment was carried out in 2014 at State Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A&F University. HA was extracted from arable soil and was used as the sole carbon (C) and nitrogen (N) source in solid culture medium. Three soil HA-degrading strainsBacillus licheniformis (strain 1), Microbacterium resistens (strain 2) and Stenotrophomonas maltophilia (strain 3), were chosen to further investigate their individual and combined effects on the C degradation rate and structural properties of humic acids in the medium. The experiment included seven treatments: T1, T2, T3, T1+T2, T1+T3, T2+T3 and T1+T2+T3. Results showed that the total colony-forming units (CFU) of S. maltophilia (strain 3) showed higher amount in the treatments it was associated with. Carbon respiration (CR) and microbial biomass carbon (MBC) in various treatments varied between 4.04 (T2) to 12.13 (T2+T3) mg dish -1 and 1.32 (T2) to 4.96 (T3) mg dish -1 , in terms of the C degradation rates in humic acids, the sum of CR and MBC, followed the trend T2+T3 (52.05%) > T1+T3 (49.29%) > T1 (44.25%) > T3 (40.61%) > T1+T2 (38.39%) > T1+T2+T3 (37.09%) > T2 (18.91%). Infrared spectroscopy revealed that medium of all treatments resulted in higher levels of carbohydrate, aliphatic compounds, alcohols and nitrogenous substances after degradation process. T1 exhibited the lowest aromatic C content compared with the content before degradation, while that in T1+T2+T3 was the highest. Thus, B. licheniformis (strain 1) might have a relatively strong degradation capacity for aromatic C.
Introduction
The global soil contains 2.4 × 10 12 t of humic substances, accounting for approximately 67% of the organic carbon (C) reserved in the biosphere. Therefore, the soil environment and global change are profoundly impacted by soil organic carbon (SOC); mainly consisting of humus C. Humic acids (HA) are a component of soil humus with an intermediate molecular weight, a complex structure and relatively active chemical and biological properties. The functional group structure and elemental composition of HA vary with different vegetation types, land-use patterns and extraction methods (Tatzber et al., 2007; Yanagi et al., 2008; Prentice, Webb, 2010) . It has been found that traditional cultivation patterns are unfavourable for SOC sequestration and transformation (Eaton, Lawrence, 2009; Acharya et al., 2012) .
Soil microbial biomass refers to the total biomass of organisms with a volume <5.000 μm 3 (excluding live plants) in the soil, mainly including bacteria, fungi, algae and protozoa (Rinna et al., 2002; Ravindran, Yang, 2015) . The direct effect of soil microorganisms on the transformation of organic matter is a critical driving force and controlling factor in the C cycle (Rinna et al., 2002) . Therefore, research on the soil C cycle is essential to study microbially mediated ecological processes in the soil. HA shows a close relationship with soil microorganisms. Aliphatic C and small-molecule carbohydrates contained in the HA structure as well as C and nitrogen (N) in the side chains of aromatic rings provide C and N sources for microbial metabolism (Chistyakov et al., 2013) . The HA degradation rate is affected by the functional group composition of the HA structure (Guo et al., 2013) .
Progress has been made in research on the microbial degradation of HA in other countries. Monib et al. (1981) investigated the level and characteristics of HA degradation by Streptomyces. Korniłłowicz-Kowalska et al. (2008) found that an anamorphic Bjerkandera adusta isolated from soil was capable of decolorizing HA, and the decolorization degree was related partially to adsorption by fungal mycelium. Huang et al. (2009) Badis et al. (2010) showed that the growth of three active streptomyces from 19 actinomycetes strains was poor in liquid medium containing natural humic acids as C and N sources when glucose was absent in the medium. Rocker et al. (2012) found the characteristics of HA-degrading microorganisms and associated enzymatic activity played important roles in HA decomposition. Park and Kim (2013) suggested that Bacillus showed a high capacity to degrade HA. However, these researches have mainly focused on the level and characteristics of HA degradation by HA-degrading microorganisms, while detailed quantification of the degradation level of HA has been non-systematic. In particular, studies on the degradation of HA during the cultivation of Heilu soil, a typical soil found on the Loess Plateau in northwest China, are still lacking.
In a previous study, we isolated five soil HA decomposition bacteria from five types of vegetation, including Chinese pine, black locust, sea-buckthorn, mixed forest and arable land (Fu et al., 2014) . These vegetation types, except for arable land, are seen as representative vegetation in the Three-North Forest Shelterbelt Program to implement the ecological restoration plan in northwest China. The arable land is presenting the characteristics of mosaic distribution among vegetation types in the study area, thus, more attention should be paid to this land use type, whose soil carbon pool is influenced substantially by human intervention such as tillage, fertilization and abandonment. In this study, three bacteria Bacillus licheniformis, Microbacterium resistens and Stenotrophomonas maltophilia (both individual and combination) were selected to further investigate their HA degradation characteristics in arable soil on the basis of their growth performance and microbial biomass in HA solid medium. Our present work differs from previous researches in that that arable soil HA was used as the sole C and N source in the culture medium, whereas in other studies individual substances were often used as supplementary C (e.g., glucose) (Kontchou, Blondeau, 1992; Tikhonov et al., 2010) and N (e.g., yeast extract powder, ammonium tartrate and ammonium nitrate, NH 4 NO 3 ) sources in the culture medium. Combined analysis adopting infrared (IR) spectroscopy was to determine the effect of the HA-degrading bacteria on the HA degradation level and structural characteristics during the degradation process.
Materials and methods
Separation of HA-degrading bacteria. In our previous study (Fu et al., 2014) , soil HA extracted from different vegetation types was used as the sole C and N source to prepare HA solid medium. The medium contained 0.2300 g of HA, 0.25 g of NaCl, 1.00 g of agar and 50.0 mL of distilled H 2 O. The medium was aseptically dispensed into 90-mm diameter Petri dishes (15.0 mL each). Soil samples (10.00 g each) were weighed into 250-mL triangular flasks, followed by the addition of 100 mL of sterile distilled water. The mixture was oscillated in a shaker for 30 min, and 100 µL of the supernatant was then spread on HA agar plates. Once the colonies became distinct on the medium, the strains were separated and purified. Five HA-degrading bacterial strains related to Bacillus licheniformis, Microbacterium resistens, Stenotrophomonas maltophilia, Rhizobium nepotum and Streptomyces azureus were obtained according to 16s rRNA sequence analysis.
Experimental bacteria selection. The present study, with the purpose of examining the degradation level of HA, was a further work on the previous research. The experiment was carried out at State Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A&F University in 2014. Soil sample preparation was detailed in a previous study (Fu et al., 2014) . HA was extracted by NaOH and Na 4 P 2 O 7 solution, concrete steps were carried out according to Tatzber et al. (2007) . The selection criteria for the HA-degrading bacteria were as follows: accounting for a larger proportion of the total colony count and exhibiting good growth performance. Three HA-degrading bacteria were selected accordingly: Bacillus licheniformis, Microbacterium resistens and Stenotrophomonas maltophilia, and the three strains were coded 1, 2 and 3, respectively. Seven treatments (T1, T2, T3, T1+T2, T1+T3, T2+T3 and T1+T2+T3) were included to investigate the C degradation of HA extracted from arable soil by the three bacteria both individually and jointly. Hereafter T1, T2 and T3 refer to the single-colony treatments, and T1+T2, T1+T3, T2+T3 and T1+T2+T3 refer to the combination treatments.
Inoculation time selection. Arable soil HA solid medium contained 0.2300 g of HA, 0.25 g of NaCl, 1.00 g of agar and 50.0 mL of distilled H 2 O, with the pH adjusted to 7.3. Following steam sterilization (0.1 MPa, 30 min), the medium was slightly cooled and aseptically dispensed into 90-mm diameter Petri dishes (15.0 mL each). Each Petri dish contained 28.34 mg of C. Each treatment was repeated four times. The arable soil HA contained 41.08% C and 4.32% N. An inoculation loop was used to transfer a small amount of the purified colonies from the three strains to sterile tubes containing 10.0 mL of HA broth (with the same composition indicated above, excluding agar), respectively. The tubes were then cultured in oscillated water bath at 37°C, and 15-μL broth culture samples were collected at 24-h intervals. The culture samples were diluted in 150-mL flasks to a constant volume and mixed thoroughly. Then, 100-µL from 150-mL flasks were spread uniformly on HA agar plates. The number of HA-degrading bacterial colonies on HA medium was counted and recorded as colony-forming units per dish (CFU dish -1 ). When the CFU stabilized (day 5 in Fig. 1 ), 15.0 µL of each HA broth culture was obtained and diluted to a constant volume in 150-mL flasks. The dilutions were thoroughly mixed, and 100 µL aliquots were spread on HA agar plates (the same composition with HA solid medium mentioned above) for the T1, T2 and T3 treatments. For the T1+T2 treatment, 7.5 µL was collected from equal volume of HA broth strain 1 and strain 2 and diluted to a constant volume in 150-mL flasks. The rest of the procedure was identical to that performed for T1, and the same procedure was applied for the T2+T3 and T1+T3 treatments. For the T1+T2+T3 treatment, a 5.0-µL aliquot was collected from the HA broth cultures of the same volume of the three HA-degrading bacteria and processed via the same procedure described above. The broth cultures were diluted 1 × 10 4 -fold, and the initial concentrations of strain 1, strain 2 and strain 3 were about 2.0 × 10 5 , 2.9 × 10 5 and 6.7 × 10 5 mL -1 (day 1 in Fig. 1 ). Measurement of experimental indices. Carbon respiration (CR) was measured as follows: a number of 90-mm diameter Petri dishes were packed together, and their connections were sealed using acacia. The whole pack of Petri dishes was then wrapped with sealing film to ensure air tightness. The solid HA medium was adhered to the top of the agar plates. Carbon dioxide (CO 2 ) gas produced via the respiration of HA-degrading bacteria was collected using 10 mL of 1.0 mol L -1 NaOH and titrated with approximately 0.5 mol L -1 HCl every 24 h (the exact concentration of the HCl solution was calibrated with Na 2 B 4 O 7 × 10 H 2 O). The plates were then incubated at 28°C for 14 days. The medium was supplemented with sterile air for 3 min during the titration process, and the loss of CO 2 during the titration period was calculated by 30 min of CO 2 absorption. CR refers to the amount of C consumed by HA-degrading bacteria through respiration. The calculation of CR was as follows (Yim et al., 2002) :
, where V 1 , V 2 and V 0 represent the blank control, the 3-min CO 2 loss, the HCl volume consumed through titration (mL), respectively; W -the concentration of HCl (mol L -1 ), 6 -the conversion factor. At the end of the incubation period, a typical repetition was chosen to pick out all of the visible colonies. Extraction of HA from the medium was performed using a mixture of NaOH and Na 4 P 2 O 7 solutions (0.1 mol L -1 each). First, 40 mL of the extraction solution was used to slowly wash the HA agar and then filtered through a 0.45-μm filter membrane. The washing lasted for 4 h, with the aim of intercepting the remaining HA-degrading bacteria by the filter membrane and eliminating their impact on IR spectroscopy. Thereafter, the washed HA agar was soaked in 100 mL of extraction solution five times (the medium had become transparent, and extraction was basically completed through four washes). The soaking time was 24 h, and all of the extraction solutions were subsequently transferred to a 150-mL volumetric flask for IR spectral analysis. The detailed two-step extraction procedure was described by Tatzber et al. (2007) . The remaining three replications were used to measure microbial biomass carbon (MBC).
MBC refers to the amount of C in HA-degrading bacteria. MBC was measured via the fumigation culture method and converted to the unit of Petri dishes as follows:
, where M 1 and M 0 are the amounts of CO 2 released from the fumigated and non-fumigated media (mg dish -1 ), respectively, k -a constant (generally 0.411).
Total degradation quantities are the sum of CR and MBC, and carbon degradation rate is the ratio between total degradation amount and carbon content (28.34 mg for each dish).
Analytical instrument and statistical methods. The percentage contents of C and N in HA were determined using an elemental analyzer AutAnalyel ("Bran Luebbe", Germany). A bacterial CFU was performed via the plate count method. Infrared (IR) spectral analysis was carried out using a Tensor 27 Fourier-transform infrared spectrometer ("Bruker", Germany). Data processing was performed using EXCEL 2013. The IR absorption peak area was calculated using OPUS 6.5. Analysis of variance was performed using SAS8.1.
Results and discussion
Quantitative characteristics of humic acids (HA)-degrading bacteria. The CFU of HA-degrading bacteria showed greater variations between the singlecolony treatments, with the amounts in T1 and T2 corresponding to 53.95% and 26.98% of the amounts in T3, respectively. Among the combination treatments, the bacterial CFU followed the trend of T1+T3 > T1+T2+T3 > T2+T3 > T1+T2. The CFU of S. maltophilia (strain 3) was the highest in combination treatments, accounting for 86.92, 83.23 and 82.52 % of total CFU in T1+T3, T2+T3 and T1+T2+T3, respectively. Different bacterial species exhibited varying capacities for HA degradation (Yanagi et al., 2008) , which are closely associated with their adaptability to HA. In the present study, S. maltophilia (strain 3) remained higher CFU in HA substrate among the various single-colony and combination treatments and became the dominant species, indicating its suitability in the medium. The CFU of combination treatments containing B. licheniformis (strain 1) were relatively stable, as strain 1 showed a direct relationship with the decomposition of organic matter and could therefore accelerate the conversion of organic nutrients in the soil (Huang et al., 2007) . The two strains displayed distinct colony morphology, suggesting that they were able to achieve niche separation, thus preventing intense competition between different populations. Additionally, a previous study (Li et al., 2012) showed that S. maltophilia (strain 3) could coexist with other bacteria and enhance their activity. Besides, M. resistens (strain 2) was capable of utilizing HA to a lesser extent for its poor growth in T1+T2 and T1+T2+T3, representing only 25.00% and 1.94% of the total CFU (Table 1) .
Carbon (C) degradation of humic acids (HA). Carbon respiration (CR) showed significant differences (P < 0.05) between various treatments and was generally higher in the combination treatments than in the single- Infrared (IR) spectral features after HA degradation. IR spectra reflect the information on the molecular structure and functional groups of complex compounds (Baglieri et al., 2007) . The presence of certain functional groups and their relative contents in HA can be determined based on the position and peak intensity of the absorption peak. The assignment of the IR spectra of HA was performed according to the literature (Amir et al., 2010) . The IR spectral analysis (Fig. 3) showed that the major absorption peaks occurred at 1045 cm -1 (C-O stretching of polysaccharides compounds), 1075 cm -1 (C-OH stretching of alcohols), 1151 cm -1 (asymmetric stretching vibrations of ether bond C-O-C in ether bonds in aliphatic compounds and aliphatic rings), 1375 cm -1 (C-N stretching and N-H bend), 1637 cm -1 (C=C stretching vibration of aromatic compounds) and 3340 cm -1 (O-H stretching). Compared with those observed before degradation, the spectral shapes corresponding to the various treatments presented Notes. Total degradation amount is the sum of CR and MBC, and carbon degradation rate is the ratio between total degradation amount and carbon content (28.34 mg for each dish). Values of each treatment are average of total quantities of four replicate measurements after decomposing. Means followed by lowercase letters are significantly different at P < 0.05.
Note. Values are presented as mean ± standard deviation (SD).
Figure 2. Carbon respiration (CR) dynamics of different treatments during incubating
Note. Peaks on curve T1+T2+T3 are marked to which functional groups they belong. colony treatments. The highest CR occurred in T2+T3 and T1+T3, containing S. maltophilia (strain 3). T1 exhibited the highest respiration in the single-colony treatments, which was 105.69% and 26.87% higher than T2 and T3. MBC was directly related to CFU. There were significant differences in MBC between T1, T3, T1+T3, T2+T3, T1+T2+T3 and T2 (P < 0.05). B. licheniformis (strain 1) and S. maltophilia (strain 3) clearly showed a higher C sequestration capacity, because significantly
The integrated areas of the absorbance peaks of HA before and after degradation were shown in Table 3 . For combination treatments, the various treatments resulted in significantly higher absorbance values at 1045, 1075 and 1151 cm -1 than that before degradation, showing 1.65-1.97-, 1.67-1.94-and 3.00-3.20-fold increases. As for single-colony treatments, these compounds in T1 and T3 also increased for a large extent, while T2 showed minimum increases, just with 1.29, 1.29 and 2.00 times than before degradation. These variations suggested that the contents of polysaccharides, alcohols and aliphatic compounds in HA medium increased greatly during bacterial degradation with the exception of T2, and combined treatments containing B. licheniformis (strain 1) showed remarkable increases for these compounds. The 1375 cm -1 absorption peak increased slightly, and this area could reflect N levels in the medium after degradation. In addition, T1, T1+T2 and T1+T3 containing B. licheniformis (strain 1), resulted in relatively lower amounts of aromatic C (1637 cm -1 ), indicating that this strain might have a relative strong degradation capacity for aromatic C. The absorption peak area at 3340 cm -1 changed less between various treatments and before degradation by comparison, it was due to high levels of hydroxyl groups in the extraction solution. Amir et al. (2010) reported that the amount of polysaccharides in HA displayed a relative increase after microbial composting, and this research reached the same higher levels of MBC were detected in T1, T3 and T1+T3 compared with the other treatments (Table 2 ). In terms of the C degradation rates in the various treatments it ranged from 18.91% to 52.05%, with the highest in T2+T3 and the lowest in T2. These values were close to the HA degradation rates by HA-degrading bacteria observed in arable soil, ranging from 17.30-56.00% (Filip, Kubát, 2003; Filip, Tesařová, 2004) . certain changes. However, the similarity of the spectral shapes between the various treatments indicated that the structure and functional group composition of the HA degradation products were generally consistent. According to the absorption peaks, the structural units of HA after degradation included mainly polysaccharides, alcohols, nitrogenous substances, aliphatic and aromatic compounds and hydroxyl. , for instance, represent peaks of IR spectroscopy. "%" is area ratio that a peak area accounts for the total calculated by infrared (IR) spectroscopy.
conclusion. Structural characteristics of HA restricted its degradation (Yanagi et al., 2002; Chistyakov et al., 2013) . The HA structures were in the form of aromatic C, aliphatic C and small-molecule carbohydrates, among these forms, aromatic C accounted for the largest fraction, and its utilization depended on the degradation capacity of HA-degrading bacteria. Some studies (Filip, Tesařová, 2004; Chistyakov et al., 2013) had shown that the aromatic C structure of HA exhibited a strong resistance to degradation and was difficult for microbes to use, which agreed with the present study. Moreover, small-molecular aliphatic compounds and polysaccharides accounted for a small fraction and could be easily utilized by HA-degrading microorganisms and, thus, were ideal C sources. The higher the degradation level, the more energy was obtained by the microorganisms from available C sources, which acted in the next round of degradation and provided energy for HA-degrading microorganisms. Therefore, decomposition level for complex C compounds can be critical for HA degradation process.
Conclusions
1. Three strains used for the research could be observed in humic acids (HA) medium which they inoculated. Among the three strains tested, Bacillus licheniformis (strain 1) showed stable growth on HA medium in various combination treatments, with minor variation in its colony-forming units (CFU) being observed. Microbacterium resistens (strain 2) exhibited the poorest growth in the combination treatments, especially in T1+T2 and T1+T2+T3, accounting for 25.00% and 1.94% of the total CFU, respectively. Treatments involved in Stenotrophomonas maltophilia (strain 3) displayed a relative higher CFU amount ). It could be perceived that these strains could use HA extracted from Heilu soil as sole C and N source, while adaptability of them to HA medium varied widely.
2. The carbon respiration (CR) showed significant differences between various degradation treatments (P < 0.05). The CR level in T1 exceeded those of T2 and T3 by 105.69% and 26.87%, respectively, indicating that strain 1 showed a higher capacity of respiration degradation for HA. Clearly, T1 and T3 showed higher microbial biomass carbon (MBC), illustrating that the two strains possessed a relatively high C sequestration capacity. Moreover, C degradation rate was in the range of 18.91% to 52.05% for all treatments. These data showed detailed degradation level of HA.
3. Infrared (IR) spectroscopy of HA at the end of the incubation period showed that polysaccharides, alcohols and aliphatic compounds increased in various treatments, with especially evident increases being observed in T1+T2 and T1+T2+T3. T1 exhibited a higher degradation capacity for aromatic C, which displayed in a trend of simplifying the HA structure.
